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(devulcanization and depolymerization). These activities occur as the
binder is subjected to different combinations of interaction time and
temperature. During the interaction with asphalt, rubber particles are
swollen to two to three times their original volume by absorption of
the asphalt’s oily phase at high temperatures to form a gel-like ma-
terial (2). The swelling causes an enormous increase in the mass vis-
cosity of the system as compared with neat asphalt or asphalt with
unswollen rubber early in the interaction process. If the temperature
is too high or the time is too long, the swelling will continue to the
point at which the rubber is dispersed into the asphalt as the rubber
experiences degradation. A gradual reduction in viscosity may result.
The nature of the mechanism by which the interaction between
asphalt cement and CRM takes place has not been fully characterized.
Heitzman claims that the interaction is a nonchemical reaction that
does not result in a melting of the CRM into the asphalt cement (2).
Instead, rubber particles are swollen in the asphalt’s oily phase at high
temperatures to form a gel-like material. The swelling of the rubber
particles results in less free space between the swollen particles, and
so the binder viscosity increases. Bahia and Davies claim that the
increase in binder viscosity cannot be accounted for only by the exis-
tence of the rubber swelling particles (3). They examined theories
commonly used for particulate-filled composite materials to calculate
the increase in viscosity of CRM binders. These theories underesti-
mate the increase in viscosity by a large margin. They concluded that
there has to be some type of interaction phenomenon that not only
increases the effective volume of the rubber particles, but also changes
the nature of the liquid phase. Green and Tolonen emphasize the im-
portance of controlling the swelling processes by controlling the inter-
action time and temperature and concluded that temperature has two
effects on the interaction process. The first effect is on the rate of
swelling of rubber particles (4). As the temperature increases, the rate
of swelling increases. The second effect is on the extent of swelling.
As the temperature increases, the extent of swelling decreases. Parti-
cle size controls the swelling mechanism over time and affects the
binder matrix. Buckly and Berger (5,p.175) show that the time
required for swelling increases with the particle radius squared.
The partial dispersion of CRM in asphalt is explained in the liter-
ature as depolymerization or devulcanization (6–8). Both are chem-
ical reactions that reduce the molecular weight of the rubber by
breaking chemical bonds. Devulcanization breaks sulfur-sulfur or
carbon-sulfur bonds that are formed by the vulcanization process
during tire production. Literature on the interaction process does not
clearly distinguish between the two concepts, especially at temper-
atures below 240° C (6,7 ). A recent publication suggests a mecha-
nism change with temperature; devulcanization can occur at high
temperatures (7 ).
EXPERIMENTAL CONSIDERATIONS
Testing results of an AC-10 asphalt cement and four CRM products,
at 10 percent of the asphalt weight, are presented in this paper. Two
The nature of the interaction process between asphalt cement and crumb
rubber modifier (CRM) has not been fully understood. Two main types of
mechanisms that affect the produced binder properties are reported: par-
ticle swelling and degradation (devulcanization and depolymerization).
These mechanisms occur as the binder is subjected to different combina-
tions of interaction time and temperature. Insight into the mechanisms by
which the interaction between the two materials takes place through mon-
itoring the changes in the rheological parameters of the binder is provided.
The effects of the interaction process variables, time and temperature, 
are explained. The effect of CRM properties, including particle size and
material source, is also discussed.
In the production of asphalt binders made with crumb rubber modi-
fier (CRM), there are two concerns relative to property measurements
of the binder. The first concern is the measurement of properties for
quality control during production. The second concern is testing to
indicate the performance of the produced binder. Ideally the quality
control characterization should provide the same data as performance
testing to allow performance comparisons to be made during binder
production. Property monitoring on asphalt rubber using procedures
measuring nonfundamental properties could not relate material and
process variables to binder performance. Results were not consistent
when different tests were used, and sometimes contradictory results
were obtained, leaving a gap in the understanding of the mechanism
by which asphalt cement and CRM interact. The use of the Strategic
Highway Research Program (SHRP) testing procedures in monitor-
ing the binder production is a step forward in relating material and
production variables to binder performance.
The significance of using SHRP testing in characterizing CRM
binder production is that rational rheological parameters are used in
monitoring the binder property development. The shear modulus, G*,
and the phase angle, d , are convenient indicative parameters of the
networking in the binder polymeric structure. Literature indicates that
the values of the elastic component have a direct relation to the degree
of cross-linking in the material, which in turn gives the material its
elastic characteristic (1). If the material ages or experiences changes
in its cross-link density, a change in the magnitude of the elastic com-
ponent will result. The values of the viscous component reflect any
changes in the material chain structure (1). Because both types of
activity can occur simultaneously during the processing of the ma-
terial, the change in magnitude of the phase angle during material
processing can be an indication of the primary mechanism involved.
NATURE OF INTERACTION PROCESS
The two main interaction mechanisms that affect CRM binder prop-
erties through production are particle swelling and degradation
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CRM relevant properties are considered: source and particle size. The
original testing program includes four asphalt sources and rubber sur-
face area properties (9). All asphalt sources show similar interactions,
but variable degrees of compatibility with CRM (9,10). Surface area
property of the same particle size of different rubber sources is not sig-
nificantly different and shows no significance in controlling binder
properties (9). CRM materials include three products that are wet-
ambiently processed—BLEND, SBR, and NR—representing differ-
ent tire sources. BLEND rubber is made of truck tires and is a
combination of both natural and synthetic rubber sources. SBR rub-
ber is from whole passenger tires and is made mostly of synthetic rub-
ber. NR rubber is from off-the-road tire tread. According to the
producer, the source of the polymers in this material is mainly natural
rubber. Rouse Rubber Inc., Vicksburg, Mississippi, supplies these
three products. A fourth CRM material, CRYOG, is cryogenically
processed from mixed sources and is supplied by Recovery Tech-
nologies of Mississauga, Ontario, Canada. These rubber sources pre-
sent diverse material properties that are important to consider in
controlling the binder production. Two specific CRM particle sizes are
used for the testing presented in this paper: a fine 60-80 and a coarse
30-40, with the 60-80 indicating that size passes the 60 mesh sieve and
is retained on the 80 mesh sieve according to the U.S. standard sys-
tem. Emulsico in Urbana, Illinois, supplied the AC-10 asphalt cement.
Interaction temperature is controlled at three levels: 160° C, 200° C,
and 240° C. Individual binder formulations are prepared in 500-g
batches in an oil bath. No mechanical shear is used in the interaction
process. A BARNANT MIXER model 750–0200 with a three-blade
propeller is used in mixing the binder during the interaction process.
Mixing at 200 rpm is applied for the initial 3 min, after which inter-
action time begins. After mixing, the speed is lowered to 80 rpm for
the rest of the interaction period. Interaction time starts immediately
after mixing and lasts up to 3 h. Detailed procedures for interacting
asphalt cements with CRM materials can be found elsewhere (9).
Material testing is conducted at 52° C and 10 rad/s using the dynamic
shear rheometer device, a PAAR PHYSICA Model RHEOLAB
MC100. Limited replicate testing indicates that the data are valid (10).
DEVELOPMENT OF INTERACTION PROCESS
The following sections examine the development of the binder prop-
erties, G* and d , under precisely controlled interaction conditions
immediately after mixing the CRM with asphalt, extending to 3 h.
The sections relate the changes in the binder properties, G* and d ,
to two process characteristics, or mechanisms: swelling and degra-
dation (depolymerization and devulcanization). The purpose is to
provide insight into the interaction process and to show that binder
properties can be controlled by controlling the interaction process.
Behavior of BLEND Materials
Figure 1 presents the G* data. The data illustrate the expected rela-
tionships with temperatures. At the low temperature, 160° C, swell-
ing is continuous over the entire period, as illustrated by the con-
tinuous increase in G*. Similar to that of the 60-80 material, the G*
of the 30-40 material continues to increase.The starting G* value of
the 30-40 material is lower, indicating less degree of swelling, but
it is higher after 3 h, indicating higher degree of swelling.
At the intermediate temperature, 200 ° C, swelling is still occurring
at the beginning of the process. After the first 20 min at 200 ° C,
swelling of the fine material is offset as the swollen rubber particles
are depolymerizing, releasing more components back to the liquid
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phase of the binder and decreasing G*. After 60 min, the G* value
of the fine material stabilizes. The 30-40 size reaches a greater max-
imum G* value about 15 min after the fine material. There is a
significant difference in the G* values between the two particle sizes.
At the high temperature, 240 ° C, swelling of the fine material is
mostly completed before the first sample at 5 min. The G* value
decreases continuously during the period. Interaction of the 30-40
material is similar to that of the fine material. Starting with a higher
G* value, the BLEND 30-40 drops to a slightly lower value than
does the 60-80 after 3 h. The more significant decrease in G* at
240 ° C suggests a higher degree of depolymerization than that at
200 ° C. This result clearly shows the effect of temperature on the
degree of depolymerization and devulcanization of the rubber parti-
cles, with the higher temperature causing more depolymerization and
devulcanization, which results in a lower stiffness. The effect of high
FIGURE 1 Property development of BLEND source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) G* at 160°C, (b) G* at
200°C, and (c) G* at 240°C.
interaction temperatures causing partial or full depolymerization of
rubber particles is confirmed in recent publications (6–8).
The effect of temperature on the modification of the phase angle,
d , shows a similar trend for the low and the intermediate tempera-
tures, but indicates differences in the property development timing
between the two sizes (Figure 2). At low-temperature interactions
[Figure 2(a)], modifications continue during the entire period for
both sizes. The interaction starts with a higher value in the 30-40
material and ends after 180 min with a significantly lower value than
that of the fine material, indicating the same modification trend as for
G*. The intermediate temperature interactions [Figure 2(b)] show a
more rapid development of a lower stable d value after 60 min for the
fine material, but showed a unique behavior for the coarse material.
Starting at 10 min with the same d as the fine material, the coarse
material drops quickly to a lower d and then increases at a slow rate.
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The high-temperature data for fine material show no variation in d
during the entire period, indicating that d is modified to its final value
extremely quickly at 240° C. The fine material d value is intermediate
to the other two temperature values and does not exhibit the expected
relation with temperature, which is typical for high-temperature
effects on property development. For the 30-40 material, the 240° C
interaction is a faster progression of the last part of the 200° C inter-
action, as the 30-40 material experiences an increase in the phase
angle as compared with the stabilized value of the 60-80 material.
Behavior of SBR Materials
Figures 3 and 4 show the SBR interactions. The G* values of the fine
SBR material are slightly higher than that of the BLEND material,
FIGURE 2 Property development of BLEND source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) d at 160°C, (b) d at 200°C,
and (c) d at 240°C.
FIGURE 3 Property development of SBR source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) G* at 160°C, (b) G* at
200°C, and (c) G* at 240°C.
with the trend in property development being similar. The effect of
particle size on the swelling is clear at 160° C. The fine material has
higher G* throughout the interaction period than the coarse material.
At the 200 ° C interaction, the coarse material achieves maximum
swelling and begins depolymerization later than the fine material.
The G* of the coarse material is significantly higher than that of the
fine material. As observed with the BLEND material, the 240 ° C
SBR interaction is similar to the 200 ° C interaction, which starts with
a higher G* for the coarse material but ends after 3 h with a lower
value than that of the fine material.
The d values of the fine BLEND are slightly lower than that of
the SBR, indicating the development of a higher elastic component.
The modification of the phase angle compares well with that of G*
at 160 ° C. The fine material has more reactivity, as indicated by a
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lower d throughout the interaction period. At the 200 ° C interaction
shown in Figure 4(b), the coarse material shows a lower d , indicat-
ing more reactivity. The high interaction temperature produces the
same relationship for d , as is shown for the BLEND fine material.
The coarser material starts the 240° C interaction with a higher mod-
ification than that of the fine material but depolymerizes gradually,
similar to the trend for the 200° C interaction. The fine material
shows a more stable d value.
Behavior of NR Materials
Figure 5 shows the development of G* for the NR materials. The
trend at the low temperature is consistent with that for the other
FIGURE 4 Property development of SBR source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) d at 160°C, (b) d at 200°C, 
and (c) d at 240°C.
FIGURE 5 Property development of NR source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) G* at 160°C, (b) G* at
200°C, and (c) G* at high temperatures.
materials. The 160 ° C interaction shows minor differences between
the two sizes in the development of G*. Both sizes show a high rate
of property development. When stabilizing, the fine material
exhibits higher G* values. The interaction for the fine material at
the intermediate temperature, 200 ° C, exhibits a very different rela-
tionship from other materials. It shows swelling continuing to a sta-
ble value similar to, but higher than, the low (160 ° C) temperature.
This behavior has not been observed previously. The 200 ° C inter-
action is no different from other sources for the coarse material but
shows a possible higher swelling than the fine material. At the high
temperature, the trend of continual loss of modification is similar
to that of previous materials. Both sizes are depolymerizing with
insignificant differences at the end of the interaction period. For this 
material only, a higher (280° C) temperature is examined for fine
material, which produces the expected result of a significant loss in
modification.
Figure 6 shows the data for d modification. The significant differ-
ence here is that the high temperature, 240° C, produces interactions
that are more in line with the material progression of modifica-
tion. The material at the higher temperature, 280 ° C, shows a sig-
nificant variation in modification, even greater than what is produced
in the other materials at 240° C. The data for this material reveal the
potential differences in the use of different tire sources and provide
an indication that there are temperatures, which will vary with dif-
ferent materials, at which modification can be best. Insignificant dif-
ferences between the two NR sizes are shown at all temperatures.
Both materials develop lower phase angles as temperature increases.
Behavior of CRYOG Materials
The G* data in Figure 7 show modification that is typical in the
development mechanism but develops at different temperatures.
Both sizes show a lower rate of G* development at the beginning of
the 160 ° C interactions, as compared with the 200 ° C interactions.
The fine material shows slightly higher swelling than does the
coarse material. The intermediate temperature produces a higher
modification value for the fine material than does the low tempera-
ture, similar to that observed with the NR fine material. This result
indicates that there may be a temperature for maximum modifi-
cation, with a higher temperature producing lower G* values. This
temperature may be material dependent. Coarse material is shown
to be affected by the 200 ° C temperature more than the fine material.
The coarse material starts with a G* value close to that of the fine
material, but it quickly depolymerizes. The 240° C interaction expe-
riences a difference in the degree of modification between the two
sizes as it stabilizes over time. The high temperature affects the
coarse material more.
The data for d modification in Figure 8 show the same trends
observed in other materials. The two rubber particle sizes show
insignificant differences in the development of the phase angle at all
temperatures except 240 ° C. The phase angle of the fine material
increases at 200° C similar to all other materials at the intermediate
temperature. Note that at the beginning of the 240° C interaction d
of the fine material is lower than that at 200° C and 160 ° C. There is
a gradual increase in d during the entire 240° C interaction, indicat-
ing a stage of depolymerization and devulcanization. At this tem-
perature there is a difference at the end of the interaction period as
both sizes are depolymerizing. The fine material is shown to be less
affected by the interaction temperature.
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FIGURE 6 Property development of NR source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) d at 160°C, (b) d at 200°C,
and (c) d at high temperatures.
INTERACTION MECHANISM
The data presented on material behavior show that the development
in binder rheological properties reflects changes in the material
internal structure developing during the interaction process. Particle
swelling stiffens the binder by decreasing the interparticle distance
and by stiffening the liquid phase of the binder, as lighter fractions
are absorbed. Depolymerization and devulcanization cracks the
binder networking into lower molecular weight molecules. Depoly-
merization and devulcanization starts very early at the high inter-
action temperature and continues up to full destruction of the polymer
networks if the binder is exposed to very high temperatures long
enough.
Rubber Sources
A comparison of the materials studied here provides clear indica-
tions of the effect material differences may have when CRM parti-
cles interact with asphalt. The property values at 5 to 20 min indicate
the level of interaction. All materials show that at 160° C the swell-
ing is still progressing for the entire interaction time considered 
in this study. Although differences exist in the developed property
values between different sources at 160° C, these materials are not
dramatically different because they all continue swelling at this
temperature.
The materials from different sources do exhibit different behav-
ior at 200 ° C. All fine materials clearly show that swelling continued
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at the beginning of the interaction process. The BLEND and the
SBR continue swelling for up to 20 min before depolymerization
overcomes the swelling effect and G* drops. The NR and the CRYOG
continue swelling for the entire period of 3 h. The change in d is
consistent for all materials. The phase angle continues to show an
increasing elastic component throughout the time, indicating that
early depolymerization, which decreased G*, did not affect the
development of a lower phase angle.
The property development for G* at 240° C is similar for all ma-
terials, indicating that swelling takes place quickly at this temper-
ature and that depolymerization and devulcanization is the dominant
characteristic throughout the time interval. The BLEND and the SBR
materials have a constant phase angle that is higher than that at 
the intermediate temperature, indicating a loss of modification. The
FIGURE 7 Property development of CRYOG source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) G* at 160°C, (b) G* at
200°C, and (c) G* at 240°C.
FIGURE 8 Property development of CRYOG source (10 percent
CRM) tested at 52°C and 10 rad/s: (a) d at 160°C, (b) d at 200°C,
and (c) d at 240°C.
CRYOG material experiences an increase in the phase angle over
time, indicating an increase in the viscous component.
Results from the NR material indicate its temperature resistance
to change in the elastic properties. The temperature has to be in-
creased to 280° C before the d modification is lost. At this high tem-
perature initial modification occurs within a short time, but it is lost
quickly. The difference in d relationships indicates the major effect
of temperature and material type. There is a temperature, depending
on the material, above which the development of elastic component,
lower d , is reversed and a constant value is produced after some
interaction time.
As shown in the figures, interaction temperature has a great influ-
ence on the mode of the interaction process. At low temperatures,
the process is mainly swelling of the rubber particles by absorption
of the asphalt’s lighter fractions. At very high temperature, the
process is mainly depolymerization and devulcanization of rubber
particles where the rubber network is broken. This phenomenon is
true for all rubber sources, but at differing rates and magnitudes. At
the intermediate temperature, rubber sources do not behave the
same. Different sources can be in different interaction stages when
exposed to the same interaction conditions. A possible explanation
is the differences in cross-linking density of polymer chains among
rubber sources. Different sources continue developing properties for
different times at 200° C. There is an interaction temperature where
rubber modification can be best achieved. The interactions of the NR
and the CRYOG at 200° C support this concept.
Particle Size
Two modes of modifications related to particle size are noted: mod-
ification in the binder matrix and modification in the binder liquid
phase. Binder matrix modification is controlled by the swelling
mechanism and is greatly affected by the particle size. Different par-
ticle sizes are in different interaction stages mainly because fine par-
ticles achieve their maximum swelling faster than coarse particles
and depolymerize earlier. Liquid phase modification is controlled by
component exchange between asphalt and rubber and is also affected
by the particle size. Because of the higher surface area, fine particles
absorb more asphalt components in a shorter period of time than do
coarse particles, leaving the liquid phase of the binder stiffer. When
rubber particles significantly depolymerize and devulcanize after
enough time at high temperature, the liquid phase of the fine material
provides stiffer binder with more elastic component than that of the
coarse material.
At the low interaction temperature, swelling is the major mech-
anism of the interaction process. Fine particles swell earlier and
develop higher binder modification. At intermediate temperatures,
swelling rates increase for both sizes as compared to the rates at
low temperatures. Fine particles achieve maximum swelling ear-
lier than coarse particles. The interactions of the BLEND and the
SBR at 200° C are examples supporting this statement. This result
agrees with literature reporting an increase in the rate of swelling
with temperature (4). Coarse particles develop higher G* values
than do fine particles at 200 ° C because of two reasons affecting the
binder matrix. The first is that coarse particles have greater resis-
tance to flow than do fine particles. The second is that coarse par-
ticles have higher swelling extent than do fine particles. Theory
supports that maximum possible swelling is limited as temperature
increases (4). As fine particles complete swelling earlier, they
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depolymerize earlier and the net effect of swelling and depolymer-
ization is less for fine particles than for coarse particles. The higher
G* of coarse materials at 200° C for all sources supports this state-
ment. The effect of this on fine particles is supported by the results
showing that maximum swelling decreases as temperature
increases.
The drop of the developed property of coarse material as com-
pared with that of the fine material at the high (240° C) temperature
indicates the difference in the effect of depolymerization between
the two particle sizes. Coarse particles absorb less asphalt compo-
nents than do fine particles. When coarse rubber depolymerizes,
the binder modification is mainly achieved by the liquid phase,
which is softer than that of fine particles, and so property drops to
a lower level than does fine rubber. At higher temperatures, coarse
particles alter the binder properties with more effect on the binder
matrix stiffening, because of their greater resistance to flow, than
do fine particles. Fine particles alter the binder properties with more
stiffening of the liquid phase than do coarse particles. Although
matrix stiffening is likely reversible because of depolymerization,
liquid phase stiffening is not. This nature of the coarse particles makes
them more sensitive to temperature and achieve a higher range of
property modification than fine particles, which have shown more
stabilized property. This difference in property range between the
two sizes is observed to be higher in higher reactive materials (e.g.,
BLEND and SBR) than in less reactive materials (e.g., NR and
CRYOG).
SUMMARY AND CONCLUSIONS
CRM binders have a unique nature because they consist of a liquid
phase and swollen particles. Together they form the binder structure
that controls the binder response to acting stresses. Modifications of
the liquid phase are based on component exchange because CRM
particles absorb asphalt fractions during swelling and release rub-
ber components during depolymerization and devulcanization. This
behavior makes the liquid phase stiffer and more elastic. The swell-
ing of rubber particles affects the binder matrix by decreasing the
interparticle distances and removing the less viscous fractions from
the asphalt, making the binder stiffer. When asphalt interacts with
CRM at a given temperature, both mechanisms happen at the begin-
ning of the process, causing both G* and d to change. At some point
at the elevated temperature, depolymerization starts releasing rub-
ber components back to the liquid phase, causing a decrease in the
G* value while d continues to modify. If the temperature is high or
time is long enough, depolymerization will continue, causing more
destruction of the binder networking and loss of d modification.
Material variables and other experimental variables affect the tim-
ing and the extent of both the liquid phase and the matrix modifica-
tions. Liquid phase modifications are more stable than matrix
modifications. Fine rubber swells faster and depolymerizes faster,
affecting the liquid phase more than the matrix. Coarse rubber has
more effect on the binder matrix, but has less effect on the liquid
phase than the fine rubber.
Rubber sources show different effects on the binder behavior.
These differences are not as significant at the low interaction tem-
perature as they are at intermediate and high temperatures. The data
presented in this paper show that different rubber sources will be in
different stages of the interaction process when subjected to the
same interaction conditions.
The effect of the interaction conditions on the development of the
high temperature properties are summarized as follows:
• The interaction temperature controls the two main mechanisms
of the interaction process: swelling and degradation (depolymeriza-
tion and devulcanization). The interaction temperature affects the
process by controlling the stage at which depolymerization over-
comes swelling. High temperature reduces the benefits of matrix
buildup as the material depolymerizes.
• The effect of the interaction time on the developed properties is
a function of the interaction temperature. Two main phases of the
property development are considered: an initial, or short-term, phase
that lasts for 30 to 40 min and a second, long-term, phase that lasts for
a few hours. Most of the changes occur in the initial phase. Properties
stabilize in the second phase.
The high-temperature properties, G* and d , are indicative param-
eters in monitoring the interaction process. Testing results suggest
that G* and d are not developed by the same interaction mecha-
nisms. The increase in G* is mainly due to particle swelling. The
decrease in the phase angle continues during early stages of depoly-
merization and devulcanization, indicating that swelling is not the
only factor affecting the development of the phase angle. Compo-
nent exchange between asphalt and rubber in the early depolymer-
ization and devulcanization stages stiffens the binder liquid phase
with a more elastic component, which modifies the phase angle.
RECOMMENDATIONS
This study considered rheological testing in monitoring the asphalt-
rubber interaction process, showing that CRM binder properties can
be controlled. Literature reviewed for this study reveals contradic-
tions on the chemical state of the rubber in the binder matrix dur-
ing the interaction process. Rheological testing alone cannot draw
final conclusions about this particular issue. It is recommended that
further research on the chemical aspects of CRM binder production
be considered, especially research on the depolymerization and
devulcanization activities of CRM in the asphalt medium.
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